Abstract: This paper proposes a simulation model for the heat transfer of the wood plastic composite (WPC), manufactured by using the compression moulding technique. A generalised one-dimensional model for transient heat transfer during hot pressing is proposed based on mathematical equations and engineering principles. Finite difference approach is applied using numerical methods, and a solution to the problem is obtained using explicit method. MATLAB is used for programming purpose. The results obtained from the simulation model are then validated with the experimental data available in the literature. It is observed that the simulation results are in close agreement with the experimental results within an acceptable range. The model is integrated with the GUI in the form of simulation software, and the user does not need knowledge of MATLAB. A case study is also performed for the application of the model. This simulation model can be useful for gaining the insight during compression moulding process and may be helpful to optimize the hot-pressing parameters to improve the quality of WPC, while reducing the pressing time.
Introduction
Simulation softwares are computer programs based on mathematical formulas and are used to model a real situation. The advantages of simulation software are that it allows us to visualize the operation through simulation without doing it practically. They are becoming very popular to design equipment, so that the resulting products obtained can be close to the real design. Simulation software is now widely used in various industrial applications. Advanced computer programs are used to simulate weather conditions, heat pumps, chemical reactions, mechatronics, atomic reactions, even biological processes, and many more. Simulation can be difficult, because any natural system or phenomena is subject to many parameters that influence the system. The parameters that are most important and affect the goals of the simulation should be identified and chosen for simulation study.
Experiments are often conducted by scientists to study the impact of various parameters, but it is difficult to analyse and study the combination of those parameters as it can be very tiring, time consuming, and expensive. To overcome this problem, many scientists now use simulation software to improve the understanding of the process. However, it is very common that the codes used for modelling and simulation have many limitations, for example, the model is not associated or integrated with any graphical user interface (GUI) and lacks the visualization and optimization tools.
Wood plastic composites (WPCs) are mainly comprised of natural wood fibres and plastics. In these kinds of composites, the constituents retain their identities and do not merge or dissolve, but act together. Incorporation of wood fibres into plastic is now a standard technology, it improves the mechanical properties of plastics and also enhances the look of the products. Composites made of natural fibres are on the horizon, thus bringing new trends of composites in the composite industry [1] . WPCs are used in number of areas, due to which it is important to produce a quality product and to optimize the manufacturing process. Researchers have been investigating different processing methods and operation conditions in order to achieve the best quality product [2, 3] . There are two most popular manufacturing techniques for the fabrication of WPC, injection moulding and the compression moulding. In the proposed research work, study is performed for the WPC manufactured by compression moulding. In compression moulding process, the extruded material is kept in the mould and pressed by two hot plates at about 180°C. It is kept at high temperature and pressure to cure the plastics properly to get a uniform composite board or product. After that the mould is allowed to cool down, and the product is removed from the mould.
In the literature, some associated work is found for simulating the properties of the composites. Shuo [4] developed a computer simulation model to predict the properties of structural particle board manufacturing process and dimensional stability properties. Goel et al. [5] explained an early version of WBCSim in 1999, and since then, they improved it further taking into consideration different approaches and making it more manufactureroriented rather than experiment-oriented. They developed the software package using Pascal language.
Tarek et al. [6] reviewed the Monte Carlo simulation technique to simulate polymer and suggested that the computer simulation techniques can be useful to obtain the information about the arrangement of molecules and chain segments in relation to the macroscopic behaviour of the polymeric materials. Gupta [7] did the modelling for Medium Density Fiber (MDF) particle board to predict the rheology of the MDF hot pressing and to predict the thermal and mechanical properties of the boards. Guo et al. [8] carried out a finite element analysis for the transient heat transfer problem for the polymeric matrix composite materials. They developed a software package for simulation of the process. Joshi et al. [9] used a general purpose finite element software to perform the transient heat transfer analysis. They developed two user friendly programs to simulate the resin curing kinetics of thick graphite-epoxy laminate. Their results showed good agreement between the experimental data and the predicted results.
Adhikary [10] proposed a one-dimensional hot press model to predict temperature profile of WPCs during the hot press moulding. His model was based on non-linear transient heat conduction through the panel thickness during the hot press. Nikolson's method was applied to obtain the solution for the problem. Rouison et al. [11] proposed a one-dimensional model using finite difference method (FDM) to predict the temperature distribution and curing behaviour of hemp kenaf fibre -unsaturated polyester composites. The results of their work also showed close agreement with experimental data.
Behzad et al. [12] developed two models, one-dimensional and three-dimensional, for studying the curing simulation of hemp fibre-acrylic based composites to simulate the hot-pressing process. They applied two different methods to get the solution and compared both with the experimental results. Their results showed that the model prediction was in reasonable agreement with the experimental data. However, not much work has been reported for the heat transfer of the natural fibres based on bio-degradable thermoplastic composites.
There is a gap in modelling and its applications, sometimes the models are too complex to understand and apply; only the developers of the model can utilize the models efficiently. This is one of the reasons why the productivity of many simulation models cannot achieve the desired outcome. In this paper, WPC Soft, a simulation software is described in detail which is based on theoretical and mathematical modelling and is integrated with GUI. The aim of the project is to predict the results fast. It has three main models, however, in this paper only the heat transfer model is presented in detail. In this paper, an alternative approach is presented through one-dimensional model of heat transfer during hot pressing of the composites. Finite element method is used to calculate the heat transfer across the thickness of the WPC board. Experimental validation is also performed with the data present in the literature. The main aim for developing the WPC Soft is to make the research work applicable and to contribute in increasing the fundamental understanding of internal process occurs during hot pressing of WPCs.
Model development
The heat and mass transfer models developed by Behzad et al. [12] and Gupta [6] for wood based composites were adopted in this work as the basis for further model development. In the present study, the model was developed specifically for the compression moulding of WPC hot press, which can be used for both batch and continuous pressing. The aim of the model is to provide the WPC industries with the kind of simulation software which is suitable for practical use.
Model assumptions
In the model development, the following assumptions have been made: 1. The model is one dimensional along the thickness of the WPC panel, with changes normal to the platens considered.
2. The fibres are assumed to be dispersed randomly in the matrix. 3. Heat transfer within the mat is assumed to take place by conduction only because of the temperature gradient within the mat layers. Heat transfer through radiation and convection is considered as negligible. 4. The heat supply of the process comes from the hot press platens. 5. The wood fibres are oven dried before processing, since the moisture content is very low in the fibres. The heat transfer due to convection is neglected. 6. The physical and transport properties of the materials involved are functions of temperature. Therefore, they will vary with respect to space and time. 7. Wood fibres and polymer matrix are always in local thermodynamic equilibrium with surrounding air. 8. This model can be used for any composite made of thermoplastic matrix and natural fibre.
Mathematical equations used in the model
In the development of one-dimensional heat transfer simulation model, a number of equations were used, which will be discussed in the following sections.
Density
The density of the wood fibres is ρ f ¼ 1,480 kg/m 3 [13] The density of plastic is ρ f ¼ 1,530 kg/m 3 [13] The initial volume fraction of wood fibres is V f ¼ 0.5 and the plastic is V m ¼ 0.5 The rule of mixture is used to calculate the density of the WPC
Specific heat
Haselein [11] derived the following equation for the specific heat of the particle board:
Here C w is the specific heat of the wood fibres at current moisture content (J/kg/°C); T is the temperature (°C), and MC (%) is the moisture content on dry base eq. (2) is used to calculate the specific heat of wood fibres. The specific heat of plastic and wood is taken from Behzad and Sain [13] 
The specific heat of the WPC is calculated using the following equation:
Thermal conductivity
The thermal conductivity of wood fibres is taken as
where ρ is the wood fibre density in kg/m 3 . k 0:30 t denotes the thermal conductivity (W/m/K) at 0% moisture content and 30°C. In order to reflect the effect of moisture content and temperature on the thermal conductivity, Haselein [14] evaluated data presented by Shao [15] and Kuhlmann [16] and derived a correction as follows:
where MC is the mat moisture content (kg/kg) on dry basis and T is the mat temperature (°C). T exp is the average experimental temperature used when measuring the thermal conductivity. The full expression for the mat thermal conductivity is given as:
In the proposed model, thermal conductivity of the composites is calculated using Russels [17] formula. Russels gave an equation to predict the thermal conductivity of the composites with continuous matrix, and this model is generally more acceptable.
Thermal diffusivity
Thermal diffusivity can be expressed in terms of thermal conductivity of the composite using the following relation:
Curing kinetics
The curing kinetics of thermoset resin system can be studied using differential scanning calorimetry [18, 19] . The reaction rate, r α , and the degree of cure are related as follows:
The rate of the curing reaction is often given as follows:
where "k" is the reaction constant and usually assumed in the Arrhenius form. A is the frequency factor ¼ 18,033 (1/s) E a is the activation energy ¼ 46,700 (J/mol) R is the Universal gas constant T is absolute temperature "n" is the order of reaction ¼ 1.4
Modulus of wood fibres
The modulus of wood fibres differs with the changing temperature across the layers. The MOE of each layer can be related to the MOE of individual fibres (E fo ) using the equation derived by Carvalho et al. [20] . This equation was derived from the experimental data of Wolcott et al. [21] under various conditions of temperature and moisture content.
In which,
Melt flow index (MFI)
The MFI of the WPCs is an important property. It gives the information about the viscosity of the matrix. In the present model, regression equation is derived from the experimental work of Kozlowski et al. [22] .
The above equation will give the changes in the MFI with the temperature. If the value of MFI is high, it will indicate less viscosity, as MFI is inversely proportional to viscosity and matrix can easily flow in the mould. If the percentage of wood fibres increases, the MFI value will decrease.
Governing equations of the model
In compression heating, the fibres were already saturated with the matrix, and the matrix was uniformly distributed inside the mat. The convective heat transfer caused by the matrix flow can be neglected. It was assumed that the shape, the thickness, and the matrix mass remain constant during the moulding process. It was also assumed that the curing reaction takes place after closing the mould. Moreover, the thermo-physical properties of the matrix and composite were considered to be independent of the degree of cure. With these assumptions, the transient non-isothermal heat transfer is governed by the following equation in the Cartesian system [23] .
where Density of the composite is ρ c Specific heat of the composite C pc The thermal conductivity of the composite across the thickness is K x
The matrix or resin will absorb the heat to convert into the liquid form, so it will absorb the heat from the system which is given by the term @Q=@t. However, the amount of heat loss caused by this is assumed to be negligible in this case.
5 Using finite difference numerical method for solving the heat transfer model FDM is the most commonly used numerical method to solve heat transfer problems. It was applied to solve the partial differential equation (PDE) for the transient heat equation. The finite difference formula was developed for the hot pressing where temperature "T" is a variable and a function of independent variable (x) which denotes the location of the particular position at time (t). The FDM is a numerical method for obtaining solution to eq. (12) by replacing the continuous PDE with discrete approximation. Figure 1 shows the mesh and the nodal points used for the approximations. In the heat equation, there are derivatives with respect to time and space. As the thickness domain is divided into (N-1) elements with equal size, the distance between two adjacent nodes is Δx ¼ L/ (N-1), where L is the thickness of the composite and N is the number of nodes. The nodes i ¼ 1 and i ¼ N correspond to the boundaries of the domain (the upper and lower surface of the mould). In the time domain, the time interval is Δt and the index "Time" is used to count the time steps.
Initial conditions
In order to solve the proposed heat transfer model using a numerical method, the panel was divided into two symmetrical halves in thickness. Initially, each layer has a constant thickness over horizontal (y-z) plane, and it is assumed that the conditions and all of the properties are uniform across this plane before the hot pressing starts.
Boundary conditions
Two types of spatial boundaries are considered in solving the heat and mass transfer model, and these boundary conditions are the top surface of the WPC mat which is in contact with the hot platen and the symmetry planes of the mat. The model is the one-dimensional model, and the changes across the thickness are considered. To reduce the simulation time, the thickness is divided symmetrically into two halves, and the calculations were done for the upper half.
Numerical solution
The proposed model on heat transfer is solved using the finite difference numerical method to predict profiles of temperature, rate of resin curing, MFI, and changes in the modulus of wood fibres with time. MATLAB software is used to write the coding. Due to the complexity of the problem, a modular programming style was chosen. The modular approach includes the flexibility necessary for incorporation of changes and expansions in the future. The model has been solved for one-dimensional simulation along the mat thickness, and thus the mat is symmetrically divided into two halves. The programme is divided into separate m files, and they were called into the main programme during execution. All programmes were included into one main programme entitled WPC Soft, a simulation software.
Results and discussion
In the simulation of the WPC hot pressing, several simulations were completed under different pressing conditions to test the robustness of the program. The basic capabilities of the model will be demonstrated on WPC mat compression moulding. The simulated mat was positioned in a "virtual hot press" to analyse the temperature For the simulation run, the platen temperature, the initial moisture content and temperature of the mat, and the press schedule were specified. These parameters, together with other simulation input parameters, are given in Table 1 . At the beginning of the hot pressing (0 s), the temperature of the mat is uniformed 24°C and the temperature of the hot platen 180°C. The moisture content is 8% in the mat. The total pressure inside the board is in equilibrium with the atmospheric pressure at the beginning of the hot pressing. The cure index is zero everywhere at the beginning. The top and bottom surface of the mat reaches the platen temperature instantly (Figure 2 ). The temperature in the core area is still near the room temperature in the first 30 s. This large temperature gradient in the vertical direction initiates conduction heat transfer from the hot platens to the cooler core area. Figures 2 and 3 show the development of temperature across the mat thickness. Each mesh line represents one layer. The top surface layer reaches the platen temperature soon after entering the press. The core temperature increases slowly, as shown in Figure 2 . Figure 4 shows the changes in the rate of reaction with respect to time. At the beginning, the rate of reaction is slower when it reaches to the peak value and again starts decreasing. The changes in the viscosity of matrix play an important role in the making of WPC.
The plastic melts at 165°C. MFI is the indirect measurement of viscosity. In the present model, regression equation derived from the experimental work of Kozlowski et al. [22] was used to calculate the MFI. In the first 90 s, when the temperature was 165°C, the matrix was in the taken by plastic to melt, otherwise the quality of WPC will not be good, solid granules can be observed on the surface of the composite.
Case study
Two case studies were conducted to demonstrate the ability of the mathematical model, that is, to show the changes in core temperature and in the wood fibre percentage which is due to changes in the density of wood fibres. The present model was also validated with the experimental work of Adhikary et al. [10] . It was observed that the core temperature from both the model and experiments overlap each other.
Case study one
In the first case the percentage of wood fibres changes from 10 to 50% and changes in the core temperature was observed. The simulation was performed for 200 s. The results of the simulation are depicted in Table 2 and Figure 9 . Figure 9 indicates that the fibre percentage has changed from 10 to 50%. The rise in the core temperature becomes slow, as the thermal conductivity of wood fibres is comparatively lower than the polypropylene. It takes more amount of heat to reach the same temperature.
Case study two
The same mathematical model was used to predict the changes in the core temperature by changing the density of wood fibres from 500 to 1,500 kg/m 3 . It was observed that when we increase the wood fibre density from 500 to 1,000 kg/m 3 . The heat transfer rate increases but with further increase to 1,500 kg/m 3 . The heat transfer rate decreases and it takes more time to get the same core temperature. The density of wood fibres has been taken as 500, 1,000, and 1,500 kg/m 3 , and changes in the core temperature were observed. The simulation was performed for 200 s. The result of the simulation is depicted in Table 3 and Figure 10 .
Validation with experimental results
The present model is validated with the experimental work of Adhikary [10] . Figure 11 shows that the core temperature from both the experimental work and the model work overlaps each other. At the beginning, the predicted value of core temperature is lower than the experimental work. The reason is that in the present model the heat transfer is considered only by conduction and the heat transfer by convection, and radiation is neglected. As the wood fibres have 8% moisture content, there will be some heat flow due to convection. Because of this reason, the experimental value shows a higher value than the model result. Later on in the press cycle, all the moisture will be evaporated, and the heat transfer will be conducted. Both layers overlap each other, as shown in Figure 11 . At the end of the press cycle, both layers reach the platen temperature and the adhesive is completely cured.
Graphical user interface (GUI)
As discussed previously in the paper, WPC Soft has the GUI so it is easy to use without much knowledge of MATLAB. There are three main interfaces for each simulation model. The overall flow diagram is shown in Figure 12 . Figure 13 shows the interface for the main window of WPC Soft. This software could be used by the WPC industries and the researchers in the universities. It is a standalone software and can run without installing MATLAB on user computer. Figure 14 shows the input needed for the heat transfer model to predict the changes in the temperature inside the WPC. The heat transfer model is based on the FDMs. The results of the model are depicted in the form of 3D graphs depicted earlier in the paper, which predict the changes in the temperature at different layers of WPC. At present, the important parameters which have effect on the properties of WPC are allowed to be inputted by the user, and the rest of them are taken as constant in the coding. However, with time the software will be further refined and with little changes and can be applied for other similar kind of WPCs. Enhancements will be done to provide the user with more flexibility and options for choosing the materials for WPC. At present it is applicable for pine/pp composites. Figure 10 Changes in the core temperature with the increase in wood density. 
Conclusions
The present WPC Soft simulation software can be used to predict the changes in the temperature, rate of reaction, MFI, and modulus of fibres. The model can predict the general trend of all these changes. Two case studies were done to predict the changes in the core temperature with the changes in the density of wood fibres and percentage of wood fibres. The predicted results were also validated with the experimental values. The simulation software will become a useful tool in the hands of researchers and for industrial personnel to develop a better understanding of changes that occur inside the WPC during compression hot pressing. The model results can be further improved by refining the mathematical equations. 
